We assessed the frequency and clinicopathologic significance of 19 genes currently identified as significantly mutated in myeloid neoplasms, RUNX1, ASXL1, TET2, CEBPA, IDH1, IDH2, DNMT3A, FLT3, NPM1, TP53, NRAS, EZH2, CBL, U2AF1, SF3B1, SRSF2, JAK2, CSF3R, and SETBP1, across 93 cases of acute myeloid leukemia (AML) using capture target enrichment and next-generation sequencing. Of these cases, 79% showed at least one nonsynonymous mutation, and cases of AML with recurrent genetic abnormalities showed a lower frequency of mutations versus AML with myelodysplasia-related changes (Po0.001). Mutational analysis further demonstrated that TP53 mutations are associated with complex karyotype AML, whereas ASXL1 and U2AF1 mutations are associated with AML with myelodysplasia-related changes. Furthermore, U2AF1 mutations were specifically associated with trilineage morphologic dysplasia. Univariate analysis demonstrated that U2AF1 and TP53 mutations are associated with absence of clinical remission, poor overall survival (OS), and poor disease-free survival (DFS; Po0.0001), whereas TET2 and ASXL1 mutations are associated with poor OS (Po0.03). In multivariate analysis, U2AF1 and TP53 mutations retained independent prognostic significance in OS and DFS, respectively. Our results demonstrate unique relationships between mutations in AML, clinicopathologic prognosis, subtype categorization, and morphologic dysplasia.
Myeloid neoplasms are a diverse group of diseases that include acute myeloid leukemia (AML), myelodysplastic syndromes (MDS), myeloproliferative neoplasms (MPNs), and myelodysplastic/myeloproliferative neoplasms (MDS/MPN). 1 Among these neoplasms, AML is the most common. [2] [3] [4] Currently, morphology, immunophenotype, cytogenetic studies, clinical history, and molecular analyses play integral roles in the subclassification of AML. [5] [6] [7] Although particular structural rearrangements in chromosomes, such as t(15;17)(q24;q21); PML-RARA, are known to confer specific pathologic, prognostic, and therapeutic properties, the roles and significance of specific point and insertion/deletion (indel) mutations in most genes are less understood in AML.
However, in recent years, several large whole genome and exome studies have been published that detail the general mutational landscape seen in different myeloid diseases; interestingly, many mutations observed in AML are shared across other subtypes of myeloid neoplasms. [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] For instance, mutations in TET2 and ASXL1 are found in all types of myeloid neoplasms, whereas RUNX1 mutations are seen predominantly in AML, MDS, and MDS/ MPN, but are rarer in MPNs. Other gene mutations such as those seen in NPM1 and FLT3 appear relatively exclusive to AML. Given the partially overlapping spectrum of mutations present in these diverse diseases, we sought to determine the clinicopathologic associations of specific variant mutations in AML by using targeted next-generation sequencing.
We designed a panel of 19 genes that are commonly mutated in myeloid neoplasms and assessed their frequency in a well-defined cohort of AML patients and the relevance of these gene mutations in diagnosis and prognosis. Our results identify specific frequencies and patterns of mutations in AML, and novel associations of mutations in the genes TP53, U2AF1, ASXL1, and TET2 with AML subtype, morphology, and prognosis.
Materials and methods

Patient Cohort
A total of 93 AML patients, 4 pediatric, with diagnostic specimens available for genetic analysis were selected. Clinical, hemogram, flow cytometry, immunophenotypic, morphologic, cytogenetic, and prior molecular data were reviewed. Cases were diagnosed according to the 2008 World Health Organization criteria and all cases were re-reviewed by RSO and DAA. Data on clinical follow-up were obtained from electronic medical records. All patients were treated with standard therapies according to National Comprehensive Cancer Network guidelines with the majority undergoing induction with cytarabine and danorubicin or idarubicin, and consolidation with cytarabine; a subset of patients transitioned to stem cell transplantation, but were censored at the time of transplant. 22 No patients on clinical trials were included. Cytogenetic risk stratification was performed using the Medical Research Council criteria, 6, 23 and this study was approved by Stanford University's institutional review board.
Next-Generation Sequencing
Genomic DNA was isolated from frozen blood or bone marrow aspirate samples using DNeasy Blood & Tissue Kit (Qiagen, Valencia, CA, USA) according to the manufacturer's instructions and as previously described; 24 in four cases, genomic DNA was isolated from Wright Giemsa-stained slides for repeat validation with similar results to frozen or fresh tissue. 125 ng of total genomic DNA was used and quantified using the Qubit DNA BR assay (Life Technologies, Carlsbad, CA, USA). A Haloplex (Agilent Technologies, Santa Clara, CA, USA) target enrichment panel of 45 selected exons in 19  genes (RUNX1, ASXL1, TET2, CEBPA, IDH1, IDH2,  DNMT3A, FLT3, NPM1, TP53, NRAS, EZH2, CBL,  U2AF1, SF3B1, SRSF2, JAK2 , CSF3R, and SETBP1) was designed using SureDesign (Agilent Technologies) (Supplementary Data). Haloplex target enrichment DNA libraries were prepared according to the manufacturer's instructions (Agilent Technologies). Samples were sequenced on a MiSeq sequencer using the MiSeq Reagent Kit v2 (Illumina, San Diego, CA, USA).
NGS Data Analysis
Sequence data alignment and variant calling were performed using Agilent's SureCall V2.0.82 (Agilent Technologies) that incorporates BWA, BWA-MEM, SAMtools, and SNPPET (Agilent Technologies) for alignment, variant calling, and annotation (Supplementary Data). Human genome build 19 (hg19) was used as the reference. FLT3-ITD mutations were identified with a FLT3 PCR and capillary electrophoresis assay as previously described. 25, 26 All variants identified by NGS were confirmed by Sanger sequencing of individual mutations (Supplementary Data).
Sanger Sequencing of TP53
Genomic DNA was isolated from samples using Qiagen DNeasy Blood & Tissue Kit according to the manufacturer's instructions. Sanger sequencing was performed on an ABI 3500 sequencer and sequences were analyzed using ABI Sequencing Analysis 5.1 software as previously described. Four primer sets were used:
Statistical Analysis
Statistical analysis was performed using SAS (SAS, Cary, NC, USA), STATA (Statcorp, College Station, TX, USA), Prism 6 (Graphpad, La Jolla, CA, USA), and/or XLSTAT (XLSTAT, Belmont, MA, USA). Fisher's exact test, ANOVA, Student's t-test, Kaplan-Meier methods, log-rank test, and univariate and multivariate Cox proportional hazard models were performed as previously described. 26, 27 Variables included in multivariate analysis were age, sex, % blasts, 2008 WHO AML subtype, multilineage dysplasia, cytogenetic risk group, and mutational status of genes in our 19-gene panel. Mutational data were modeled using Gene-E (Broad Institute, Cambridge, MA, USA). 28 
Results
Patient Cohort
A total of 93 patients were entered into this study. Median age was 55 years, with a range of 5-79 years, and the subjects included 45 males and 48 females (Table 1) . Most cases consisted of AML with myelodysplasia-related changes (AML-MRC; 39% of patients) and AML-not otherwise specified (AML-NOS; 33%) with fewer AML with recurrent genetic abnormalities (AML-RGA; 18%) or therapy-related AMLs (AML-T; 10%).
AML-RGA Shows Fewer Missense Mutations than Other AML Subtypes, Whereas AML-MRC Has a Higher Mutational Frequency and Burden
We assessed the frequency and relationship of mutations in subtypes of AML including AML-MRC, AML-NOS, AML-RGA, and AML-T using unsupervised hierarchical gene cluster analysis ( Figure 1 ). Such analysis demonstrated that the majority of AML-RGA did not show mutations in our panel of genes compared with other subtypes of AMLs (Po0.001; Figure 1 ). In addition, patients with AML-MRC showed an increased burden and higher frequency of mutations (average 2.03 mutations/ patient) compared with AML-NOS (average 1.71 mutations/patient), AML-RGA (average 0.375 mutations/patient), and AML-T (average 1.44 mutations/ patient) ( Figure 1 ). In assessing the relationship of these mutations to cytogenetic risk categories, mutations in our panel of 19 genes were more frequently observed in AML with intermediate-and high-risk cytogenetics vs cases with low-risk cytogenetics (P ¼ 0.04; Figure 2 ). (Figure 3 ). In addition, we found that mutations in TP53 were frequently seen in association with chromosome 17p deletions (del(17p)): of 20 total cases with TP53 mutations, 11 were seen in association with del(17p) (55%); 2 cases without chromosome 17p deletions contained two independent TP53 mutations. Our analysis additionally identified a unique relationship of U2AF1 mutations with AML-MRC. Of the 6 cases with U2AF1 mutations, all were associated with AML-MRC (P ¼ 0.0014). Two of the four patients had a history of a MDS. Interestingly, all six cases showed profound trilineage morphologic dysplasia (erythroid, myeloid, and megakaryocytic). This relationship between U2AF1 mutations with trilineage dysplasia was statistically significant as only 22 of the 36 cases of AML-MRC showed trilineage morphologic dysplasia (P ¼ 0.038; Figure 3c ). We additionally found an association of ASXL1 mutations with AML-MRC (P ¼ 0.013), with 4 of 5 cases associated with AML-MRC and 1 with AML-NOS. However, unlike mutations in U2AF1, a correlation with trilineage dysplasia was not present (P40.5).
We additionally assessed intermutational relationships. Analyses demonstrated that IDH1 mutations were frequently associated with RUNX1 mutations (4 of 8 cases) whereas IDH2 mutations were frequently associated with SRSF2 mutations (4 of 9) (Figure 1 ). 
Mutations in TP53, U2AF1, ASXL1, and TET2 are Associated with Poor Prognosis
We next assessed the prognostic significance of mutations in these 19 genes in AML with regard to clinical remission, overall survival (OS), and disease-free survival (DFS). In univariate analysis, point mutations and indels in TP53 were associated with poorer OS and DFS (Po0.0001), as shown in Figure 4 . However, as TP53 mutations were intimately associated with AMLs with a complex karyotype, we wanted to determine whether such mutations conferred prognostic significance within this cytogenetic group. Our analysis additionally showed that among cases of AML with complex karyotype, mutations in TP53 retained prognostic significance in DFS (P ¼ 0.013) and showed a trend toward worse OS (P ¼ 0.153; Figure 5 ).
In univariate analysis, mutations in U2AF1 were additionally associated with poor OS and DFS (Po0.0001), and for both TP53 and U2AF1, mutations in these genes were associated with absence of clinical remission (Po0.03; Figure 4 ). In addition, mutations in TET2 and ASXL1 showed prognostic significance with regard to poor OS (P ¼ 0.017 and P ¼ 0.025, respectively) but not clinical remission (P40.2) or DFS (P ¼ 0.092 and P ¼ 0.069) (Figure 4) .
In multivariate analysis, U2AF1 and TP53 mutations retained prognostic significance as markers of poor prognosis in OS and DFS respectively with hazard ratios of 3.989 and 4.455 respectively, although other mutations were not significant in OS or DFS (Table 2) . Age, complex karyotype, and the subcategory AML-MRC also retained prognostic significance (Table 2) . Mutations in other genes including ASXL1 and TET2 were not significant in multivariate analysis.
Discussion
Our work demonstrates the significance of mutations in TP53, U2AF1, and TET2 in AML. It is not surprising that mutations in TP53 are associated with poor prognosis, as TP53 is a well-defined tumor suppressor and known to play a critical role in tumorigenesis, cell survival, and proliferation in many solid tumors and other hematopoietic neoplasms. 29, 30 Indeed, our findings are in line with those of Rucker et al 31 and Kihara et al 32 who also found TP53 mutations to be associated with poor prognosis in AML; furthermore, such mutations have also been found to be associated with a complex karyotype. 31 However, our work extends the work of earlier studies by demonstrating an independent prognostic significance for mutations in TP53 in AML in a multivariate model that includes clinical features, cytogenetics, and 18 other genes commonly mutated in myeloid neoplasms, and importantly the current WHO subclassification of AML. Indeed, even within the subcategory of AML with complex karyotype, mutations in TP53 may show prognostic significance with regard to DFS (P ¼ 0.013) and a trend toward worse OS (P ¼ 0.153).
Why TP53 mutations are linked with complex karyotype is still unclear, and raises the question as to whether these mutations promote and instigate increasing cytogenetic instability, or whether these mutations are secondary mutations only appearing after chromosomal instability has occurred. In our series, a subset of cases of AML with complex karyotype do not have TP53 mutations, whereas all TP53-mutated AMLs are observed in complex karyotypes, arguing that the complex karyotypic changes generally precede mutation of TP53. Indeed, we additionally found that most mutations in TP53 are associated with del(17p), suggesting that chromosome instability, and specifically deletion of chromosome 17p, may precede mutations in TP53 (two-hit hypothesis). However, further work is needed to assess these possibilities.
Recently, Graubert et al 33 identified mutations in U2AF1 as a poor prognostic indicator in MDS; other groups have studied the relationship between U2AF1 with prognosis in AML with conflicting results. 13, 34 Using a carefully annotated and well-defined cohort of AML patients, we identify a clear link between U2AF1 mutations and poor prognosis in AML in univariate analysis. In some sense, it might not be surprising that mutations in U2AF1 should be associated with poor prognosis in AML. As U2AF1 mutations are seen in MDS, and given that AMLs transformed from MDS have poorer survival, a logical progression of thought could be that AMLs with U2AF1 mutations arise from MDS. However, of the six AMLs with U2AF1 mutations, only two in our series had a reported history of a MDS. Furthermore, we demonstrated an independent prognostic relationship between U2AF1 mutations and poor survival in multivariate analysis. As such, the poor survival outcome of patients with mutations in U2AF1 does not appear to be associated with a prior history of a MDS.
Importantly, we found a novel and clear relationship between U2AF1 mutations and the subgroup AML-MRC. In some sense, as mutations in U2AF1 were all associated with AML-MRC, it is not surprising that such cases showed background dysplasia. However, what is surprising is the degree of profound dysplasia associated with U2AF1 mutations that affected all three hematopoietic lineages (erythroid, myeloid, and megakaryocytic; P ¼ 0.038). 37, 38 TET2 and ASXL1 were also found to be important in prognostication in univariate analysis of OS, although in multivariate analysis, mutations in these genes lost importance as independent variables. Interestingly, both ASXL1 and TET2 are involved in epigenetic regulation of DNA. ASXL1 is a nuclear protein that interacts with polycomb complex proteins ultimately to affect methylation and ubiquitination of histones. [39] [40] [41] [42] Gene mutations in ASXL1 have been identified in all major subtypes of myeloid neoplasms, and hematopoietic-specific deletion results in a phenotype similar to a MDS. 43, 44 Like ASXL1, TET2 is involved in epigenetic modulation of DNA through conversion of 5-methylcytosine (5mC) into 5-hydroxymethylcytosine (5hmC). 45 Similar to ASXL1, a causal and direct link to myeloid neoplasms has been identified through mutational studies in animal models where loss of function of TET2 has been shown to result in myeloid neoplasms. 46 Given the in vivo mutational studies on ASXL1 and TET2 in murine models, mutations in these genes might be viewed as driver mutations; however, further work is necessary to fully evaluate this possibility.
Finally, our results also demonstrated that patients within the AML subtype AML-RGA exhibit fewer mutations in our panel of 19 genes, whereas those with AML-MRC had a higher frequency, as well as overall increased mutational burden. These results are not entirely surprising as many of the translocations that define the recurrent genetic subtypes of AMLs are believed to be core driver genetic changes; indeed, some of these findings have been reported previously by The Cancer Genome Atlas Research Network. 21 However, the link between AML-MRC with increased mutational frequency and burden has not previously been described. Further research into biochemical signaling pathways will be needed to understand how phenotypic manifestations are related to many of these gene mutations.
A refined mutational landscape of AML is rapidly taking form, and here our work sharpens our understanding of the prognostic, genetic, and phenotypic associations and significance of 19 genes critical in AML.
